Activation of calcium-ion (
uring cell activation, some mitochondria take up Ca 2+ from cytosolic microdomains of high Ca 2+ concentration that are generated by activation of nearby Ca 2+ channels [1] [2] [3] [5] [6] [7] [8] [9] and in the clearance of large Ca 2+ loads 10 . Moreover, overloading of mitochondria with Ca 2+ may be involved in the development of several pathological conditions, including ischaemia-reperfusion lesions, neurotoxicity and neurodegenerative diseases, where ATP depletion, overproduction of oxidative radicals and release of apoptotic factors lead to cell damage [11] [12] [13] [14] . However, [Ca 2+ ] M measurements during cell stimulation, obtained by a variety of different techniques, have provided values only in the low micromolar range [1] [2] [3] [4] 9 . Although these changes are enough to activate mitochondrial metabolism, their physiological significance for cellular Ca 2+ homeostasis remains unclear. Similarly, the actual relevance of mitochondrial Ca 2+ overload is obscure. We show here that [Ca 2+ ] M can in fact reach the millimolar range during stimulation of chromaffin cells, and that this large mitochondrial Ca 2+ uptake regulates the availability of Ca 2+ for the secretory machinery.
Results
We used three types of mitochondrially targeted aequorin with different Ca 2+ sensitivities. This allowed us to measure [Ca 2+ ] M at a wide range of concentrations, from the submicromolar to the millimolar. Wildtype aequorin reconstituted with native coelenterazine (AEQ1) shows affinity for Ca 2+ in the concentration range 0.3-8 µM; wild-type aequorin reconstituted with coelenterazine n (AEQ2) covers the range 1-40 µM Ca
2+
; and mutated low-Ca 2+ -affinity aequorin 15 ] M peaks of similar magnitude for equal repetitive stimuli, with peaks being ~300 µM (340 ± 20 µM, n = 15) for 10-s pulses and ~700 µM (670 ± 30 µM, n = 11) for 30-s pulses. Figure 2c shows the effect of caffeine, which produced a first [Ca 2+ ] M peak of 200 µM and then decreasing peaks as consumption approached 40%. Again, if data are recalibrated considering only the active mitochondrial space (Fig. 2d) , we obtain a series of similar fast (Fig. 2f) .
Return of [Ca 2+ ] M to resting levels after stimulation was fast, reaching background values within 1-2 min. CGP37157, an inhibitor of the mitochondrial Na + /Ca 2+ exchanger, reduced the rate of [Ca 2+ ] M decrease by 60% (half-time 62 ± 3 s, n = 6; control, half-time 25 ± 1 s, n = 9; Fig. 3a ] M changes occurred in only 58% and 48%, respectively, of the total space. e, The effect of a 10-s pulse with 10 mM acetylcholine (ACh) followed by 30-s K + pulses. f, 2 µM FCCP and 10-s K + pulses were perfused as indicated. Temperature was 37 °C. kinetics of the [Ca 2+ ] c transient were also similar at both temperatures (Fig. 3c) . However, the rate of Ca 2+ exit from mitochondria was nearly fourfold slower at 22 °C than at 37 °C (half-times 92 ± 4 s, n = 11, and 25 ± 1 s, n = 9, at 22 °C and 37 °C, respectively). (Fig. 3b) . These experiments were carried out using AEQ3 at 22 °C, to increase the sensitivity of the measurements at high uptake rates. Modulation of secretion by mitochondria. We analysed the physiological relevance of mitochondrial Ca 2+ uptake by comparing catecholamine secretion induced by stimulation with high [K + ], caffeine or acetylcholine, both in the presence and in the absence of the protonophore carbonyl cyanide m-chlorophenyl-hydrazone (CCCP). We expected that CCCP, by preventing Ca 2+ sequestration by mitochondria, would allow a larger local increase in subplasmalemmal [Ca 2+ ] c and hence potentiate secretion. This was the case (Fig. 5) . In response to cellular challenge with acetylcholine (100 µM for 2 s, at 2-min intervals), fairly reproducible secretory peaks of around 300 nA were produced; CCCP (2 µM) reversibly increased the secretory response to ~1,000 nA (Fig. 5a ). Similar results were obtained when cells were challenged with high [K + ] (70 mM K + , 2 s; Fig. 5b ) or caffeine (50 mM, 2 s; Fig. 5c ). Figure 5d shows the averaged total secretion obtained from ten repetitions of each of these experiments. The small effect on secretion of CCCP alone disappeared when the interval between stimuli was increased to 5 min, but potentiation of secretion remained unchanged.
Potentiation of secretion by CCCP was not due to increased Ca 2+ uptake from extracellular sources. Experiments in which the uptake of 45 Ca 2+ was measured showed that CCCP did not increase the net Ca 2+ uptake induced by any of the stimuli (data not shown). Neither was the effect of CCCP mediated by a possible Ca 2+ release from the endoplasmic reticulum. When cells were treated with a combination of 10 mM caffeine, 10 µM ryanodine and 1 µM thapsigargin in Ca 2+ -free medium for 30 min, caffeine produced no secretory response, but the potentiation by CCCP of K + -induced catecholamine secretion was unmodified (data not shown). Finally, mitochondrial inhibitors produced the same effects as CCCP. We stimulated cells with 2-s high-[K + ] pulses every 2 min. Oligomycin (3 µM, preincubation 90 s), which blocks ATP production but should not decrease the mitochondrial membrane potential, had little effect on K + -stimulated secretion. The mean normalized peak secretion was 100 ± 12% in control pulses, and 139 ± 21% in the presence of oligomycin (mean ± s.e.m, n = 11; P>0.1, Student's ttest). However, a combination of 4 µM rotenone (which blocks respiration) and 3 µM oligomycin produced a large potentiation of high-K + -induced secretion. The mean normalized peak secretion in control pulses was 100 ± 6%, and it increased to 204 ± 21% (n = 11; P<0.001, t-test) in the presence of oligomycin plus rotenone.
Discussion
It was astonishing to find that some mitochondria can undergo, in stimulated intact cells, rapid reversible increases in Ca 2+ concentration from the submicromolar to the millimolar range. Such high mitochondrial Ca 2+ concentrations were previously associated only with pathological phenomena related to cell damage or the initial stages of apoptosis [10] [11] [12] [13] . These [Ca 2+ ] M values contrast with those obtained in a similar preparation using the fluorescent dye rhod2 (ref. 9). The discrepancy can be explained by differences in the specificity of targeting and range of measurement of the probes.
Co-localization of those mitochondria undergoing large [Ca 2+ ] M transients with both plasma-membrane Ca 2+ channels and ryanodine receptors reveals the presence of functional units of Ca 2+ -induced 2+ -uptake properties of those mitochondria located in the functional units could be modulated, this would be an effective mechanism by which to regulate secretion. If similar phenomena were applicable to neurons, it would be also a very simple mechanism by which to generate synaptic plasticity. Under pathological conditions or during ageing, mitochondrial damage may reduce the ability of mitochondria to take up Ca 2+ . This would lead to increased secretion of neurotransmitters and increased cell activation, a vicious cycle that may trigger processes leading to necrosis or apoptosis. ᮀ
Methods
Cell culture and expression of aequorin.
Bovine adrenal medulla chromaffin cells were obtained as described 19 and used within 1-3 days. The mitochondrial aequorin 1,2 was a gift from T. Pozzan. Mutated (Asp 119 → Ala) mitochondrial aequorin was obtained by replacing, in-frame, complementary DNA encoding the wild-type aequorin with that encoding the mutated aequorin 15 . Expression in chromaffin cells was achieved by infecting the cells with a defective herpes simplex virus type 1 containing the mitochondrial aequorin gene (pHSVmitAEQ). Virus packaging and titring have been described 25 . Chromaffin-cell cultures (5 × 10 5 cells per 0.5 ml) were routinely infected with 2 × 10 3 infectious virus units 12-24 h before measurements. FCCP and CCCP were obtained from Sigma. CGP37157 was from Tocris (Bristol, UK).
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] M and [Ca 2+ ] c measurements.
To reconstitute aequorins, cells expressing mitochondrial aequorin were incubated for 1-2 h at room temperature with 1 µM of either wild-type coelenterazine or coelenterazine n, in standard medium containing 145 mM NaCl, 5 mM KCl, 1 mM MgCl 2 , 1 mM CaCl 2 , 10 mM glucose, and 10 mM HEPES, pH 7.4. Cells were then placed in the perfusion chamber of a purpose-built thermostatic luminometer at 22 °C or 37 °C. For experiments with permeabilized cells, reconstitution was performed as above and cells
